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Abstract
Background  Recent research indicates a prevalence of typical lung infections, such as pneumonia, in lung cancer patients. 
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii stand out as antibiotic-resistant pathogens. 
Given this, there is a growing interest in alternative therapeutic avenues. Boron and zinc derivatives exhibit antimicrobial, 
antiviral, and antifungal properties.
Objectives  This research aimed to establish the effectiveness of ZnO and ZB NPs in combating bacterial infections in lung 
cancer cell lines.
Methods  Initially, this study determined the minimal inhibitory concentration (MIC) and fractional inhibitory concentration 
(FIC) of zinc oxide nanoparticles (ZnO NPs) and zinc borate (ZB) on chosen benchmark strains. Subsequent steps involved 
gauging treatment success through a lung cancer-bacteria combined culture and immunohistochemical analysis.
Results  The inhibitory impact of ZnO NPs on bacteria was charted as follows: 0.97 µg/mL for K. pneumoniae 700603, 
1.95 µg/mL for P. aeruginosa 27853, and 7.81 µg/mL for Acinetobacter baumannii 19,606. In comparison, the antibacterial 
influence of zinc borate was measured as 7.81 µg/mL for Klebsiella pneumoniae 700603 and 500 µg/mL for both P. aerugi-
nosa 27853 and A.baumannii 19606. After 24 h, the cytotoxicity of ZnO NPs and ZB was analyzed using the MTT technique. 
The lowest cell viability was marked in the 500 µg/mL ZB NPs group, with a viability rate of 48.83% (P < 0.001). However, 
marked deviations appeared at ZB concentrations of 61.5 µg/mL (P < 0.05) and ZnO NPs at 125 µg/mL.
Conclusion  A synergistic microbial inhibitory effect was observed when ZnO NP and ZB were combined against the bacteria 
under investigation.

Keywords  Acinetobacter baumannii · ZnO NP · Zinc borate · Klebsiella pneumoniae · Pseudomonas aeruginosa · Lung 
cancer

Introduction

Lung cancer remains the leading cause of cancer-related 
fatalities globally [1]. Pneumonia poses a significantly 
heightened risk to cancer patients, resulting in higher mor-
bidity and mortality levels than other infectious diseases 
[2]. Pneumonia impacts 50–70% of lung cancer patients 
[3]. Bacterial infections are predominantly caused by E. coli 
(44.2%), S. aureus (20.6%), K. pneumoniae (11.3%), E. fae-
calis (6.8%), P. aeruginosa (5.6%), S. pneumoniae (5.3%), E. 
faecium (4.5%), and Acinetobacter spp. (1.7%) [4]. Bacterial 
strains like P. aeruginosa, K. pneumoniae, and A. baumanii 

are responsible for hospital-acquired pneumonia; worry-
ingly, the resistance to treatments targeting these pathogens 
is rising yearly [4]. E. coli, S. aureus, S. pneumoniae, and 
K. pneumoniae rank among the top drug-resistant bacteria. 
Data from the Center for Disease Control and Prevention 
CDC’s 2019 Antibiotic Resistance report highlights the 
gravity of this situation, revealing that annually, the U.S. 
witnesses over 2.8 million antibiotic-resistant infections and 
more than 35,000 resultant deaths [4, 5].

Traditional antibiotic treatments, primarily composed 
of organic compounds, are increasingly proving ineffectual 
against hospital-acquired infections. For instance, in the 
U.S., approximately 20% of Klebsiella infections have shown 
significant resistance to third-generation cephalosporins 
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treatments [6], although they still demonstrate susceptibil-
ity to aminoglycoside antibiotics. Treating infections caused 
by P. aeruginosa and A. baumannii becomes even more 
challenging, often due to heightened multi-drug resistance. 
This resistance frequently emerges from genetic mutations 
induced by the consistent use of antibiotics [7–9]. Hence, to 
address these infections effectively, the pace of antibacterial 
drug development must match the rapid emergence of new 
resistant strains. Utilizing inorganic antimicrobial substances 
in infection management is gaining traction due to their 
numerous benefits over their organic counterparts, including 
reduced host toxicity, prolonged durability, superior stabil-
ity, minimal microbial resistance, and enhanced selectivity 
[10]. Zinc oxide (ZnO) stands out among these inorganic 
agents due to its reduced cytotoxicity, heightened selectivity, 
and robust stability. Research indicates that smaller-sized 
ZnO nanoparticles (NPs) exhibit superior antimicrobial 
efficacy compared to their larger counterparts, positioning 
them as potential alternatives for treating multidrug-resistant 
bacteria [11–13].

Nanotechnology is rapidly emerging as a promising ave-
nue in cancer therapeutics [14]. The intersection of nano-
technology and biology—nanobiotechnology—proposes 
integrating diagnostic and therapeutic modalities, which is 
central to a personalized approach to cancer treatment [15]. 
Nanoparticles serve as minuscule carriers, playing a pivotal 
role in diagnosing and treating an array of diseases, includ-
ing cancers. Their distinctive feature of a high surface-to-
volume ratio allows them to bind, adsorb, and transport min-
ute biomolecules such as DNA, RNA, drugs, and proteins 
directly to specific targets, amplifying the effectiveness of 
therapeutic interventions [16]. Exploring antibacterial nano 
agents is relevant across diverse sectors like medicine, food 
production, textiles, packaging, and construction [17]. Metal 
oxide nanoparticles, in contrast to conventional compounds 
[18], showcase stability under harsh conditions, possess anti-
microbial qualities even at minimal concentrations, and are 
generally deemed safe for human consumption [19]. Within 
metal oxide substances, ZnO emerges as a potent antibac-
terial contender [20]. Exhibiting various structural forms, 
Zinc oxide nanoparticles have demonstrated significant 
inhibitory effects on a broad range of bacterial species [11]. 
Nanomaterials’ antibacterial properties predominantly stem 
from their large surface-to-volume ratio [11, 21] and their 
distinct physicochemical attributes. While the exact mecha-
nisms remain a topic of scholarly discussion, several models 
have been proposed. Drawing from existing literature [11, 
22–25], fundamental mechanisms include electrostatic inter-
actions between ZnO nanoparticles (NPs) and bacterial cell 
walls, which compromise the cell’s integrity; the release of 
antimicrobial Zn2+ ions, associated with ZnO NP accumula-
tion in bacterial cells, leading to the formation of reactive 
oxygen species (ROS). Many boron-based compounds also 

demonstrate antiseptic properties. Boron-infused antibiot-
ics like boromycin, aplasmomycin, and tartrolone B have 
shown significant activity against Gram-positive bacteria 
[26, 27]. However, these boron-rich antibiotics have chal-
lenges, including high costs, suboptimal bioavailability, 
and inefficacy against gram-negative strains. Simpler boron 
formulations, like boric acid and sodium tetraborate, also 
manifest antibacterial properties [28]. For instance, 3% boric 
acid application to deep-set wounds has been observed to 
expedite the healing process significantly, reducing hospital 
admissions in intensive care settings [29]. Furthermore, a 
hydrogel blend incorporating boron and poloxamers (F68 
and F127) enhanced burn wound recovery by promoting 
capillary formation and fibroblast activity [30, 31]. Given 
the recognized antibacterial prowess of zinc oxide nano-
particles and select boron-derived molecules, our research 
endeavors to unearth novel nanoscale antibiotics harnessing 
the combined potential of zinc and boron compounds.

Methods

Chemicals and bacterial strains

For this research, we purchased zinc oxide nanoparticles 
and zinc borate (ZB), both with a purity level of 99%, from 
Sigma - Aldrich (St. Louis, MO, USA). These were prepared 
in line with the guidelines provided by the manufacturer. 
Additionally, we incorporated reference strains of K. pneu-
moniae 700603, P. aeruginosa 27853, and A. baumannii 
19606, which were obtained in a lyophilized state. These 
strains were also prepared following the manufacturer’s 
specified instructions.

Preparation of bacteria

The lyophilized bacteria were rehydrated by adding 1000 µl 
of sterile saline solution. This suspension was then inocu-
lated into 100 µL of Tryptic Soy Broth (TSB) from Sigma‒
Aldrich (St. Louis, MO, USA). It was left to incubate at 
37 °C for 24 h in a shaking incubator operating at 150 rpm. 
Following this period, the culture was plated onto Mul-
ler Hinton agar to isolate individual colonies; these plates 
were then incubated at 37 °C for an additional 24 h. After 
this interval, the growth was examined, and the prolifer-
ating colonies were selected and prepared for subsequent 
experiments.

Determination of antimicrobial susceptibility test 
with MIC

In this experiment, optimal MIC concentrations of ZnO NPs 
and ZB compounds were combined with the anticipation of 
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bacterial growth. Culturing commenced from an individual 
colony in a liquid medium until the determination of the 
minimal inhibitory concentration. Subsequently, each well 
received 200 µL of a glucose-fortified culture medium con-
taining TTC (5 mg/mL) and was incubated at 37 °C for 3–4 
h. Post-incubation, the depth of the red hue was deemed 
indicative of the viable cell count and was quantified using 
an ELISA reader (Biotek ELX800; BioTek Instruments, Inc.) 
at a wavelength of 570 nm. Results were contrasted with 
negative controls (absent ZnO NPs or ZB). All experiments 
were conducted in triplicate. The microdilution technique 
was utilized to identify the Minimum Inhibitory Concentra-
tion (MIC) values of ZnO NPs and ZB compounds against 
the bacterial strains. Concentrations ranged from 0.97 to 
1024 µg/mL. Notably, the lower the antibiotic dosage, the 
reduced toxicity is manifested in the cell. These dosage 
ranges were chosen to mitigate cellular harm, t. In 180 µL 
quantities, each dilution was introduced into 96-well plates 
filled with Mueller Hinton Broth (MHB) medium. Following 
this, 20 µL of the microbial agent, at a concentration of 108 
CFU/mL, was infused into every well, followed by a 37 °C 
incubation for 24 h. After this period, each well was sup-
plemented with a water-soluble TTC salt solution, serving 
as a biological marker (5 mg/mL), and the plates underwent 
a further 2–3 h of incubation.

Fractional inhibitory concentration (FIC)

The combined effects of antimicrobial agents were assessed 
based on the Clinical and Laboratory Standards Institute 
(CLSI) guidelines and the European Antimicrobial Sus-
ceptibility Test (EUCAST). A synergistic effect is observed 
when the combined impact of the agents surpasses the total 
of their individual effects when used separately. Conversely, 
when the combined result mirrors the sum of the individual 
outcomes, it is termed an additive interaction. Adhering to 
the test principle, if the outcome derived from a combined 
drug use matches that of a single drug, it is deemed ineffec-
tive; if the combined effect is inferior to the effects of the 
individual drugs, it is termed antagonistic.

Σ FIC index = FIC A + FIC B
Σ FIC index ≤ 0.5: synergy
Σ FIC index > 0.5 and < 1: additive
Σ FIC index ≥ 1 and 4 ≤: ineffective (indifference)
Σ FIC index > 4: antagonism.

Microdilution panels

Solutions were formulated based on the predetermined pan-
els to ascertain the final concentrations of ZnO NPs and 
ZB compounds. Intermediate dilutions were made at con-
centrations fourfold more incredible than the final desired 

concentration within the wells. Subsequently, each well was 
supplemented with 100 µL of MHB broth. Starting with ZB, 
a half-dilution dispersion of 100 µL was introduced, fol-
lowed by another 100 µL of ZnO NPs diluted solution (with 
a concentration of 1024 µg/mL). Both a negative control, 
using just the medium, and a positive control, using bacte-
rial wells, were set up. Excluding the negative control well, 
5 µL of the antimicrobial solution was dispensed into the 
plates. This entire procedure was replicated thrice for ZnO 
NPs and ZB.

Cell cultureinfection experimental model and MTT 
assay

A549 cell cultures (CCL-185, ATCC) were sourced from 
the Medical Pharmacology Department at Bilecik Seyh Ede-
bali University, Turkey, for this study. In brief, cells were 
resuspended in a refreshed medium comprising DMEM, 
10% fetal bovine serum (FBS), and a 1% antibiotic blend 
containing penicillin, streptomycin, and amphotericin B 
(procured from Sigma Aldrich, St. Louis, MO, USA). Sub-
sequently, cells were allocated in 24-well plates (provided 
by Corning, Inc.), in the manner previously described and 
were maintained in an incubator set at 5% CO2 and 37 °C 
[32, 33]. The bacterial suspension was introduced to the cel-
lular culture upon reaching a confluence level of 85% using 
the 0.5 McFarland standard. After 30 min, the cultures were 
subjected to various treatments over 24 h. Concluding the 
24-hour exposure to boric acid and potassium metaborate, 
each well was supplemented with 10 µL of MTT solution 
(obtained from Sigma Aldrich, St. Louis, MO, USA) and 
incubated for 4 h. After that, to dissolve the Formazan crys-
tals, each well was treated with 100 µL of DMSO (sourced 
from Millipore Sigma). The solutions’ optical densities were 
assessed at a wavelength of 570 nm using the Multiskan™ 
GO microplate spectrophotometer (Thermo Fisher, Porto 
Salvo, Portugal) [32].

Immunofluorescence

A549 cell cultures were fixed with paraformaldehyde solu-
tion for 30 min, preserving the cellular structures. Cells were 
then treated with 3% H2O2 for 5 min; this step deactivates 
endogenous peroxidases, which can otherwise interfere with 
the staining procedure. The cells were treated with 0.1% Tri-
ton-X solution for 15 min. This step permeabilizes the cell 
membranes, facilitating the entry of antibodies into the cells. 
Cells were rinsed with PBS (phosphate-buffered saline) to 
remove any residues of the previously used chemicals. Pro-
tein blocks were applied to the cells for 5 min in darkness. 
Blocking solutions prevent non-specific antibody binding. 
The primary antibody specific for 8-OHdG (sc-66,036 from 
Santa Cruz Biotechnology, Texas, USA) was diluted to a 
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1/100 ratio and then applied to the cells. The incubation 
duration followed the manufacturer’s recommendation. After 
the primary antibody incubation, the cells were treated with 
a fluorescently labeled secondary antibody, FITC (ab6785 
from Abcam, Boston, USA), diluted to a 1/500 ratio. The 
samples were kept in the dark for 45 min to prevent the 
breakdown of the fluorescent marker. DAPI, a blue fluo-
rescent dye that binds to DNA, was added (D1306 from 
Thermo Fisher, Porto Salvo, Portugal) at a 1/200 dilution 
ratio. The purpose of this step is to stain the cell nuclei, 
enabling researchers to visualize cell architecture under a 
fluorescence microscope; this was done for 5 min in dark-
ness. Finally, the stained cells were sealed under a coverslip 
to be readied for microscopy. The stained specimens were 
carefully examined using a fluorescence microscope (Zeiss 
AXIO, Jena, Germany) to visualize the presence and distri-
bution of 8-OHdG in the cells, indicative of oxidative DNA 
damage [32].

Statistical analysis

From each captured image (from the fluorescence micro-
scope), 5 areas (ROIs) were chosen randomly. The inten-
sity of positive staining (indicative of the presence of the 
marker, like 8-OHdG in this case) in these selected areas 
was measured using the ZEISS Zen Imaging Software. This 
software helps in quantifying the percentage of area that’s 
positively stained within the selected ROIs, which essen-
tially measures the extent of oxidative DNA damage in those 
regions. The percentage area values, representing the extent 
of positive staining, were represented as mean ± standard 
deviation (SD). The One-way ANOVA test was employed 
to determine if there were any significant differences in the 
staining intensities across the different groups/samples. If 
the ANOVA showed a significant difference, the Tukey test 
was used post-hoc to identify which specific groups differed 
from each other. A p-value (P) of less than 0.05 (P < 0.05) 
was set as the threshold for significance. In other words, if 
the p-value from the tests was less than 0.05, it indicated that 
the observed differences in staining intensities among the 
groups were statistically significant. The final results were 
presented as mean ± SD for each group, highlighting any 
significant differences between groups.

Results

Microbiological results

Minimal inhibitory concentration

Minimum inhibitory concentrations for standard strains were 
determined using the microplate method. ZnO nanoparticles 

demonstrated antibacterial activity at lower doses compared 
to ZB. Specifically, ZnO exhibited efficacy at 0.97 µg/mL 
against K. pneumoniae 700603, 1.95  µg/mL against P. 
aeruginosa 27853, and 7.81 µg/mL against A. baumannii 
19606. Results were obtained after three replicates, and 
these data are summarized in Table 1.

Fractional inhibitory concentration (FIC)

Table 2 displays the synergistic, additive, antagonistic, or 
ineffective interactions between ZnO NPs and ZB across 
concentrations ranging from 500 µg/mL to 15.62 µg/mL. 
Notably, a synergistic effect was seen when ZnO NPs and 
ZB were combined at 31.25 + 62.5 µg/mL, and an additive 
effect was observed at 31.25 + 125 µg/mL. Other combi-
nations yielded no significant effects. Specifically for K. 
pneumoniae 700603, the ZnO NPs + ZB combination at 
31.25 + 62.5 µg/mL demonstrated a synergistic effect, while 
other combinations had no discernible impact. A similar 
synergistic effect was also noted for P. aeruginosa 27853 at 
the same concentration, with no effects seen at other concen-
trations. The findings related to A. baumannii 19,606 were 
consistent with the abovementioned strains. These results 
are detailed in Table 2.

Cell culture results

MTT test

The cytotoxic effects of ZnO NPs at concentrations of 31.2, 
61.5, 125, 250, and 500 µg/mL, as well as ZB at concentra-
tions of 31.2, 61.5, 125, 250, and 500 µg/mL, were deter-
mined after 24 h using the MTT method (Fig. 1). All data 
were compared to a control group with a cell viability rate 
of 100%. The DMSO control group did not exhibit a sta-
tistically significant difference compared to the main con-
trol group (P > 0.05). Viability in the groups treated with 
increasing doses of ZnO NP decreased, with the lowest 
viability observed at 500 µg/mL (viability rate of 48.83%) 
(P < 0.001). ZB exhibited more significant toxicity than ZnO 
NPs at equivalent doses. Notably, significant differences in 

Table 1   Minimum inhibitory concentration (MIC) of ZnO NPs and 
zinc borate (ZB) versus standard strains

Antimicrobial agents

Bacteria ZnO (µg/mL) Zinc Borate 
(ZB) (µg/
mL)

K. pneumoniae 700603 0.97 > 1024
P. aeruginosa 27853 1.95 7.81
A. baumannii 19606 7.81 > 1024
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Table 2   FIC values of ZnO NPs + ZB on standard strains

1* Only the synergistic agent and its value within the dilution range

Doses K.pneumoniae 700603 P. aeruginosa
27853

A. baumannii
19606

ZnO NPs 500 − 15,62 µg/mL + ZB 500 µg/mL 2.22-2.0
(Ineffective)

2.45–2.11
(Ineffective)

3.1–1.91
(Ineffective)

ZnO NPs 500 − 15,62 µg/mL + ZB 250 µg/mL 2.44–1.93
(Ineffective)

2.78–1.85
(Ineffective)

3.0-1.91
(Ineffective)

ZnO NPs 500 − 15,62 µg/mL + ZB 125 µg/mL 2.21–0.6
(Ineffective)
*ZnO NPs 31.25 µg/mL + ZB 125 µg/mL 0.6
(Only synergistic)

2.43–1.63
(Ineffective)

3.16–1.48
(Ineffective)

ZnO NPs 500 − 15,62 µg/mL + ZB 62,5 µg/mL 2.4 − 0.3
(Ineffective)
*ZnO NPs 31.25 µg/mL + ZB 62.5 µg/mL
(Only synergistic)

2.71 − 0.41
(Ineffective)
*ZnO NPs 31.25 µg/

mL + ZB 62.5 µg/ 
mL

(Only synergistic)

2.24–0.49
(Ineffective)
*ZnO NPs 31.25 µg/

mL + ZB 62.5 µg/
mL

(Only synergistic)
ZnO NPs 500 − 15,62 µg/mL + ZB 31,25 µg/mL 2.3–1.86 

(Ineffective)
2.18–1.44
(Ineffective)

2.46–1.47
(Ineffective)

ZnO NPs 500 − 15,62 µg/mL + ZB 15,62 µg/mL 2.11–1.9
(Ineffective)

3.0-1.93
(Ineffective)

3.5–2.03
(Ineffective)

Fig. 1   Cell viability ratio of 549 
cells after 24 h. The viability 
ratios of the ZnO NP and ZB 
(31.2, 61.5, 125, 250, and 
500 µg/mL) groups were com-
pared with that of the control 
group (*P < 0.05, ** P < 0.001)
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ZB began at 61.5 µg/mL (P < 0.05), whereas ZnO NPs began 
at 125 µg/mL. The viability rate dropped sharply at 250 µg/
mL, after which the decline in viability slowed (P < 0.001) 
(Fig. 1).

Immunofluorescent staining results

Control group: In the A549 cell line, 8-OHdG expres-
sion was evaluated as negative (Fig. 2). DMSO group: In 
the A549 cell line, 8-OHdG expression was evaluated as 
negative (Fig. 2). Acinetobacter group: Severe cytoplasmic 
8-OHdG expression was detected in the A549 cells (Fig. 2). 
Pseudomonas group: Intense intracytoplasmic 8-OHdG 
expression was observed in A549 cells (Fig. 2). Klebsiella 
group: Intense intracytoplasmic 8-OHdG expression was 
observed in A549 cells (Fig. 2). Meropenem group: A very 
slight 8-OHdG expression was observed in A549 cells. 
Piperacillin-Tazobactam group: Very slight intracytoplasmic 
8-OHdG expression was observed in A549 cells. Ampicillin 
sulbactam group: A slight cytoplasmic 8-OHdG expression 
was observed in A549 cells. ZnO NPs + ZB + Acinetobacter 
group: Moderate intracytoplasmic 8-OHdG expression was 
observed in A549 cells. A statistically significant difference 
(P < 0.05) was found compared to the Acinetobacter group. 
ZnO NPs + ZB + Pseudomonas group: Mild cytoplasmic 
8-OHdG expression was observed in A549 cells. A statisti-
cally significant difference (P < 0.05) was found compared 
to the Pseudomonas group.

ZnO NPs + ZB + Klebsiella group: Slight cytoplasmic 
8-OHdG expression was observed in A549 cells (Fig. 2). 
Compared to the Klebsiella group, a statistically significant 
difference (P < 0.05) was found. Analysis and statistical data 
from immunofluorescence results are presented in Table 3.

Discussion

Antimicrobial resistance is primarily attributed to standard 
drug resistance strategies such as efflux pumps, alterations 
at the target location, and enzymatic decomposition [34–37]. 
β-lactam antibiotics, encompassing penicillins, cephalospor-
ins, and carbapenems, have historically been the choice for 
addressing long-standing infections by Gram-negative bacte-
ria, especially with the growing cases of carbapenem-resist-
ant K. pneumoniae. Moreover, A. baumannii frequently dis-
plays antibiotic resistance, presenting a significant concern 
in surgical areas and intensive care settings. Recently, the 
rise of A. baumannii and E.coli strains producing carbapen-
emases and harboring imipenem metallo-β and oxacillinase 
serine β-lactamases encoded by bla OXA has been docu-
mented. These strains exhibit resistance to both colistin and 
imipenem. Their amalgamation of resistance genes enables 
them to withstand the impact of many standard antibiotic 

agents. Numerous P. aeruginosa strains inherently exhibit 
diminished sensitivity to a range of antibacterial compounds 
and are prone to developing resistance during treatment, 
especially those resistant to carbapenems, primarily imipe-
nem. The predominant mechanism underpinning imipenem 
resistance in P. aeruginosa intertwines chromosomal AmpC 
production with porin modulation. Interestingly, minimal 
AmpC enzyme production does not escalate carbapenem 
resistance due to its limited capability to break down carbap-
enem medications. However, when overproduced, it plays a 
role in intensified carbapenem resistance, especially when 
paired with diminished outer membrane porin permeability 
or amplified efflux pump activity [35, 36, 38]. Additionally, 
P. aeruginosa synthesizes ESBLs and might possess other 
antibiotic-resistance enzymes, including K. pneumoniae car-
bapenemases and imipenem metallo-β-lactamases like VIM. 
This ensemble of enzymes culminates in elevated carbap-
enem resistance levels in P. aeruginosa samples. Moreover, 
resistance patterns related to the rise of fluoroquinolone-
resistant strains can be hosted on identical plasmids [37]. 
The shortcomings of traditional treatments have driven the 
quest for alternative solutions. Recent research outcomes 
suggest a reduction in treatment side effects and a burgeon-
ing interest in nanoparticles known for their minimized 
cytotoxic impacts. The medical sector has witnessed an 
uptick in the application of nanoparticles, which can influ-
ence the metabolism of multiple pathogenic bacteria directly 
or indirectly. Beyond their reduced toxicity and favorable 
biological properties, ZnO-NPs also exhibit antimicrobial 
and anticancer activities [25]. Research exploring the anti-
bacterial efficacy of nanoparticles against respiratory patho-
gens revealed that ZnO-NPs demonstrated superior activity 
against gram-negative bacteria. This study also underscored 
that nanoparticles displayed low MICs for these Gram-neg-
ative bacteria [39]. Separate research has highlighted the 
potent antimicrobial prowess of ZnO NPs among inorganic 
antimicrobials attributed to the significant oxidative destruc-
tion from reactive oxygen species [40–42]. Our investiga-
tion quantified the potency of the individual nano molecule 
ZnO NPs against K. pneumoniae 700603 at 0.97 µg/mL, P. 
aeruginosa 27853 at 1.95 µg/mL, and A. baumannii 19606 
at 7.81 µg/mL. The MIC concentration of ZB most effective 
against P.aeruginosa 27853 was 7.81 µg/mL.

Azizi-Lalabadi et al. demonstrated a synergistic effect 
between ZnO NPs and Titanium dioxide (TiO2) in their 
study [42]. Similarly, another research identified synergis-
tic and additive effects of zinc oxide nanoparticles, with no 
observed antagonistic effects [43]. Our research detected the 
most pronounced synergistic effect at a fractional inhibi-
tory concentration of ZnO NPs + ZB (31.25 + 62.5 µg/mL). 
Regarding the toxicity of NPs on A549 cells, one study indi-
cated a reduction in cell viability to approximately 30% [44]. 
Another investigation contrasted the toxicity of ZnO and 
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Fig. 2   Cell culture, 8-OHdG 
expression (FITC) and D-IF, 
4’,6-Diamidino-2-Phenylindole 
(DAPI), Bar: 100 μm
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TiO2 nanoparticles to A549 cells, concluding that ZnO nan-
oparticles were notably more lethal than TiO2 [45]. In our 
research, we observed that the combined cytotoxic effects of 
ZnO NPs and ZB were more pronounced than that of either 
ZB or ZnO NPs alone, with ZnO NPs diminishing the viabil-
ity of A549 cells by approximately 52%. The outcomes of 
this study hold promise, particularly given the low effective 
concentrations achieved and in light of the global challenges 
posed by antibiotic resistance.

Conclusion

Nanoparticles of zinc oxide and zinc borate have been shown 
to possess a synergistic antibacterial effect against common 
hospital pathogens, such as K. pneumoniae 700603 and P. 
aeruginosa 27853 when co-administered at concentrations 
of 31.25 µg/mL and 62.5 µg/mL. Additionally, zinc oxide 
nanoparticles display cytotoxic effects on A549 cells. This 
combined antibacterial and cytotoxic activity offers poten-
tial in treating patients with lung cancer further complicated 
by pneumonia. The synergistic antibacterial action of these 
nanoparticles presents a novel approach to address antibi-
otic-resistant strains responsible for hard-to-treat pneumo-
nia, often resistant to conventional antibiotics. Thus, the 
combined use of zinc oxide and zinc borate nanoparticles 
emerges as a promising therapeutic avenue due to their syn-
ergistic antibacterial properties and notable antitumor activ-
ity. However, further in vivo studies are needed to assess 
the genotoxicity, excretion rates, and optimal methods of 
administering these nanoparticles to the body.
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